Optical frequency combs based on erbium-doped fiber lasers are attractive tools in precision metrology due to their inherent compactness and stability. Here we study a femtosecond Er:fiber comb that passively eliminates the carrierenvelope phase slip by difference frequency generation. Quantum statistics inside the all-fiber soliton oscillator governs its free-running performance. Active stabilization of the repetition rate supports a subhertz optical linewidth and does not necessitate additional intracavity elements. Direct locking to an optical atomic frequency standard enables generation of a 100 MHz microwave signal with a stability of 3.4 mHz maintained over 15 min.
INTRODUCTION
Years after the first demonstration of high-resolution spectroscopy in the frequency domain with femtosecond lasers [1, 2] , the number of applications of frequency combs in precision metrology is ever growing [3] . Recently, a relative precision of 10 −18 was reached using the transfer oscillator concept [4] . Currently, one of the main goals of research is focused on finding new implementations for long-term stable, precise, and robust comb sources [5] . Realizations based on fiber lasers are especially known for extraordinarily long-term stability due to nearly monolithic design with minimal free-space components. The appeal of this technology as the tool of choice for hands-off operation has grown rapidly since the first demonstration of self-referencing [6, 7] and active frequency locking [8] . Recent progress is based on all-fiber implementations of f -to-2f interferometry and feedback loops exploiting fast intracavity actuators [9, 10] . This approach supports polarization-maintaining fiber oscillators mode locked by saturable absorbers. A different scheme has been demonstrated for solid-state lasers via frequency stabilization with an acoustooptic modulator outside the cavity [11] . The advantage of extracavity active elements is that they do not compromise oscillator performance: the feedback-induced cross talk between the orthogonal variables of the comb, namely, the repetition rate (f rep ) and the carrier-envelope offset (CEO) frequency (f CEO ), is virtually absent. A completely passive approach is to eliminate the CEO frequency via extracavity difference frequency generation (DFG) between spectral components of the amplified and frequency-broadened oscillator [12] . In this case, optical feedback is based on an ultrafast nonlinearity, which provides maximal bandwidth at the full repetition rate of the pulse train. No electronic control loop utilizing an RF source is therefore needed, dramatically reducing the complexity and enhancing the quality of the long-term performance. Recently, we demonstrated a passively phase-locked Er:fiber system with amplified DFG at the fundamental wavelength of 1550 nm and quantified its carrier-envelope-phase (CEP) stability [13] . Ultrabroad spectral components required for the DFG are achieved from dispersionmanaged highly nonlinear germanosilicate fibers [14] . A phasestable pulse train spanning from 136 THz (2200 nm) to 370 THz (810 nm) can be generated with this approach. Tuning the output of the DFG to the Er:fiber gain window allows for reamplification via standard telecom components, providing an intense and fully coherent output of phase-stable pulses [15, 16] . Inherent stability of the CEP is especially appealing for space-based applications [17, 18] and high-power fiber systems aiming at sensitive experiments in extreme nonlinear optics [19] . Very recently, a DFG comb from an Yb:fiber oscillator mode locked via nonlinear polarization rotation was stabilized to a linewidth of 1 kHz by coupling to an external reference cavity [20] .
In this work, we present a compact and passively phase-stable Er:fiber frequency comb. The self-starting all-fiber oscillator is mode locked by a semiconductor saturable absorber. Together with a fully polarization-maintaining design, these characteristics enable excellent long-term performance and reliability. Detailed analysis of the free-running system reveals quantum-limited operation. The comb is stabilized without introducing additional intracavity elements. A subhertz linewidth is achieved via locking to an external single-frequency laser. A microwave signal with fractional stability of 3.4 × 10 −11 over a 15 min time span results from direct referencing to a two-photon transition in 85 Rb.
EXPERIMENTAL SETUP AND CHARACTERIZATION
The layout of the system is presented in Fig. 1 . The master oscillator is a robust Er:fiber laser consisting only of polarizationmaintaining (pm) components with no free-space parts. Self-starting and stable mode locking is granted by a pigtailed saturable absorber mirror. This oscillator emits up to 5 mW of average power at a repetition rate of 100 MHz and a center frequency of 193 THz (1556 nm). Overall negative intracavity dispersion of −12000 fs 2 supports a train of soliton pulses with a bandwidth tunable between 12 and 18 nm via the current of the pump diode. The average power is boosted to 600 mW by means of a singlepass amplifier relying completely on polarization-maintaining fiber. Controlled self-phase modulation is used to broaden the seed spectrum to a width of 60 nm, enabling the temporal compression of the pulses to a duration of 120 fs via a silicon prism sequence. The amplified pulse train is coupled into a dispersionmanaged highly nonlinear germanosilicate fiber 1 cm in length [13] , resulting in an ultrabroad spectrum spanning from the soliton at 136 THz (2200 nm) to the dispersive wave covering up to 370 THz (810 nm), with 35 mW and up to 80 mW of average power, respectively. The soliton pulse propagates in a region of anomalous dispersion and leaves the highly nonlinear fiber (HNF) already bandwidth-limited, whereas the dispersive wave requires dispersion management. A special arrangement is implemented to simultaneously compress the dispersive wave and set the relative timing between the two pulses (see Fig. 1 ). It maximizes the common path between both spectral components by sharing all but two optical elements. This implementation enables outstanding long-term stability in comparison to a conventional Mach-Zehnder geometry. The output of the HNF is spatially dispersed by the first SF10 prism, and wavelengths above 1.3 μm, containing fundamental and soliton spectral components, are directed onto a spherical end mirror (SM2, f 7.5 cm). The prism tip is located exactly at the distance equal to the radius of curvature of this mirror, thus ensuring reversal of spatial dispersion of the spectral components. Residual pump at 1550 nm with f CEO ≠ 0 is blocked by a razor blade placed before SM2. Our design ensures that the soliton pulse duration of 30 fs is unaffected due to the proximity of the pulse center frequency to the zero-crossing of the group velocity dispersion in SF10 at 1710 nm. Instead, the dispersive wave is compressed to 25 fs upon double passage through the prism sequence. The collimated dispersive wave is spatiotemporally overlapped with the soliton on a spherical mirror (SM1, f 20 cm). Subsequently, both components are focused (SM3, f 2.5 cm) into a 2 mm long lithium niobate crystal with a fan-out poling period ranging from 21 to 35 μm. The phase-stable output with 500 μW of average power is generated via difference frequency mixing and coupled back into a fiber for amplification to 2.5 mW. The pulse train is then split in two parallel branches. One is amplified to an average power of 630 mW, which is, to the best of our knowledge, the highest power yet reported for a single-mode-pumped fs Er:fiber laser. Subsequently, the output pulses are compressed to a duration of 110 fs with the target of direct locking to a rubidium vapor cell. The other branch is used for beat experiments and locking of selected comb lines to single-line lasers. Fig. 1 . Schematic of the phase-stable Er:fiber system. An optical pulse train at a 100 MHz repetition rate is generated in an all-fiber oscillator (SAM, saturable absorber mirror; WDM, wavelength division multiplexer) and amplified in a polarization-maintaining Er:fiber amplifier (fs EDFA 1). It enters a free-space section (right) where it is first compressed by a silicon prism sequence and then frequency broadened in a dispersion-managed highly nonlinear fiber (HNF) to a coherent supercontinuum spanning more than one octave. Compactness and stability are optimized by a special SF10 prism compressor that simultaneously controls short pulse duration and temporal overlap between a dispersive wave and the solitonic part of the continuum. A razor blade removes residual pump light at 1550 nm. Difference frequency mixing in a periodically poled lithium niobate crystal (PPLN; length 2 mm) results in a frequency comb without carrier-envelope offset (CEO). Active linewidth narrowing is accomplished by locking the beat signal between the amplified phase-stable comb and a single-frequency laser at 193 THz to a radio frequency. The pump current is exploited as an actuator to control the feedback signal at low frequencies. An extracavity electro-optic modulator (EOM) eliminates residual phase jitter at high frequencies. Absolute stability of the system is ensured by locking the repetition rate of the offset-free comb to an atomic two-photon transition in a 85 Rb cell. Orange lines depict electronic connections carrying error (solid) and feedback (dashed) signals used in active stabilization loops. The setup contains spherical mirrors SM1, SM2, and SM3 with focal lengths of 20, 7.5, and 2.5 cm, respectively, and a collimating lens L1 with f 1.8 cm.
BROADBAND STUDY OF THE COMB LINEWIDTH
To investigate the linewidth of our phase-stable comb, we perform beat measurements with various narrow-linewidth sources. First, we employ an Er:fiber single-line laser operating at 193 THz (1556 nm) with a spectral bandwidth of less than 2.5 kHz over 1 ms of observation time. The pulse train is mixed with the singleline laser in a fiber coupler. After passing a bandpass filter with a bandwidth of 0.5 nm, both are overlapped on a pigtailed InGaAs photodiode. The beat between the single-frequency laser and the Er:fiber oscillator reveals a reference-limited linewidth below 10 kHz at an observation time of 12 ms when recorded with an RF spectrum analyzer. The linewidth of the phase-stable frequency comb is instead determined to be 91 6 kHz at a wavelength of 1556 nm [inset of Fig. 2(a) ]. While this performance is already attractive for a CEO-stabilized all-fiber laser system [9, 21] , it also raises the question of the mechanism of the increase in the linewidth observed in comparison to the oscillator performance. To uncover the origin of this broadening, a full understanding of the spectral distribution of the linewidth in the supercontinuum output of the HNF is mandatory. For this purpose, we use an additional single-line laser (Nd:YAG emitting at 282 THz with a linewidth of 1 kHz over an observation time of 100 ms) to characterize the dispersive as well as the solitionic part of the spectrum. Beat experiments on the ultrabroad spectrum generating the phase-stable pulse train are summarized in Fig. 2(a) . The spectral width of the oscillator at 1556 nm is determined to be below 10 kHz, largely limited by the performance of the single-line laser. In contrast, the linewidth increases to 25 4 kHz at a wavelength of 1064 nm. In addition, a 30 4 kHz linewidth is revealed by the beat note between the frequencydoubled soliton at 2128 nm (141 THz) and the Nd:YAG reference. To further investigate this context, we study the RF noise spectrum S v f of our system [ Fig. 2(b) ]. To this end, an adequately sampled time series of 400 ms of the beat signal is recorded with an oscilloscope. This allows for phase retrieval with a modified Takeda algorithm [22] . The obtained noise spectrum of the beat note between the oscillator (blue line) and the singleline laser (green line, manufacturer data) is reference-limited. The RF spectrum of the DFG output at 1550 nm is depicted as a red line in Fig. 2(b) . The white frequency noise found over a broad range from 200 Hz up to 300 kHz suggests that the origin of the linewidth is due to the quantum statistics of the laser emission [23] . Analysis of the phase noise [24] indicates a linewidth of the comb at 2128 nm of 8 2 kHz. Further insight may be gained from careful inspection of the origin of the 91 kHz linewidth of the phase-stable comb at 1556 nm. This value results from nonlinear mixing between the comb lines at 860 and 1950 nm. Anticorrelated changes in the linewidth of these components are expected for a breathing motion of the comb about its center frequency [25] Fig. 2(a) ]. This finding indicates that the comb performance is dominated by the Gordon-Haus jitter [26] of the oscillator originating from the amplitude-to-phase conversion of the shot noise. It is consistent with the fact that fluctuations of the average photon number at the output of an ideal solitonically mode-locked laser should be governed by quantum statistics [27] .
Next, we alter the pulse energy circulating in the oscillator by changing the pump current. Emitting clearly soliton-shaped spectra [inset of Fig. 3(b) ], the FWHM varies from 12 to 18 nm when the pump current (I p ) is increased from 370 to 880 mA [ Fig. 3(a) ]. These changes in the bandwidth should have profound effects on the linewidth if the performance of the oscillator is quantum-limited [28] . Therefore, the linewidth of the phasestable comb is monitored together with the linewidth of the comb lines at 1064 and 2128 nm. Upon increasing the pump current, we observe pronounced narrowing of the optical linewidth by a factor of 3, commensurate with the increase in the bandwidth [ Fig. 3(a) ]. This behavior is drastically reversed upon reaching a pump current of 730 mA, and already at 850 mA the linewidth exceeds the value at the mode-locking threshold. The optimal linewidth occurs at the point of balance between the quantumlimited reduction of the Gordon-Haus jitter and the eventual onset of soliton fission due to the high circulating peak power inside the laser cavity. To exclude the intensity noise of the pump diode as a potential origin of this behavior [29] , the linewidth measurements are repeated at the same nominal pump powers but with changed relative intensity noise (RIN) levels. This is accomplished by insertion of a fiber coupler between the pump diode and the WDM (Fig. 1) , allowing for constant optical output with drastically changed pump current. We observe negligible influence on the linewidth when the outlined changes in the pump current and RIN levels of our excitation diode laser are implemented. We emphasize that the quadratic linewidth dependence away from the center frequency of the comb [ Fig. 2(a) ], the white frequency noise spectrum of the comb beat [ Fig. 2(b) ], and the decrease in the linewidth with the increasing spectral bandwidth of the oscillator (Fig. 3) provide independent verifications for the quantum origin of the noise of our oscillator.
ACTIVE LINEWIDTH NARROWING
For a variety of applications not only a fixed CEO frequency but also a narrow optical linewidth is mandatory, supporting, for example, subhertz precision in optical spectroscopy [30] or lownoise RF frequency standards [31, 32] . In addition to fixing f CEO of the comb, the repetition rate has to be stabilized. Traditionally, the CEO frequency in fiber-based oscillators is controlled by changing the refractive index of the gain medium with the pump power. The repetition rate is influenced by the variation in the length of the laser cavity, altered, e.g., by a mirror placed on a piezo actuator or a fiber stretcher. Additional actuators such as electro-optic modulators (EOMs) may be inserted in the oscillator to achieve maximum bandwidth. However, all these control elements exhibit considerable cross talk when operating jointly inside the all-fiber cavity, rendering electronic control of the comb tedious. Furthermore, any additional intracavity active components would be detrimental for quantum-limited operation of the laser, potentially spoiling the high-quality performance of our solitonic oscillator [27] . The fact that only the repetition rate has to be controlled in our f CEO 0 comb allows us to elegantly circumvent those issues. We can completely control f rep without adding any extra components to the mode-locked laser oscillator. Influencing the intracavity power by changing the current of the pump diode from 500 to 750 mA allows us to correct the repetition rate by as much as 100 Hz with a modulation bandwidth of 70 kHz when employing a phase lead technique [29] . Additional bandwidth can be provided by an extracavity electrooptic phase shifter [33] . In our comb, high-frequency phase noise is present due to the quantum origin of its free-running performance. Fortunately, very little dynamic range is required to carry out phase correction with a fiber-coupled EOM inserted between the oscillator and the amplifier (Fig. 1) . To demonstrate the capabilities of our stabilization scheme, we first achieve active locking and optical linewidth narrowing using a Rb-stabilized RF waveform synthesizer. A beat note between the amplified phase-stable comb and a single-line reference at 1556 nm is generated and locked onto a fixed RF reference. The power of the relevant comb mode is 30 nW, and the RF beat signal exhibits a signal-to-noise ratio of 35 dB when detected with a resolution bandwidth (RBW) of 1 kHz. It is split into two parts. One branch provides feedback for two proportional-integral-derivative (PID) controllers, and the other portion is used for analysis of the RF spectrum, frequency noise, and phase jitter of the beat note. The performance of the actuators is illustrated in Fig. 4 . The free-running case is depicted with black lines. When only the pump current is controlled (blue spectra), the phase jitter is greatly reduced to 5 rad. At the same time, the comb linewidth slightly increases. This effect is due to the nonlinear feedback inside the cavity leading to amplification of relaxation oscillations that manifest as a maximum in the frequency noise at 34 kHz. When only the EOM is active, the RF spectrum shows significant narrowing, as the noise at frequencies below 100 kHz is efficiently addressed (red spectra). Since the EOM provides a dynamic range of phase shift of 25 rad, the repetition rate may be controlled only for short time intervals. Therefore, the integrated phase jitter is hardly lowered as compared to the free-running case. Both actuators can be adjusted to cooperate perfectly. Controlling the current of the pump diode removes the noise efficiently at low frequencies, while the EOM compensates any timing jitter above 20 kHz. This leads to an even further reduction in the overall phase jitter from 5 to 1.6 rad when integrated from 4 MHz to 1 Hz. We take a closer look at the stabilized performance by analyzing the locked linewidth at the ultimate resolution of our spectrum analyzer. Figure 5 shows the details of the RF spectrum corresponding to the green graphs Color coding: free-running (black), only pump current control (blue), only EOM (red), and a combination of pump current and electro-optic modulator with a final phase jitter of 1.6 rad (green). Research Article in Fig. 4 on a logarithmic scale over a range of 60 Hz and 1 MHz. The measured linewidth of the beat is instrument-limited and below 1 Hz, while the noise is suppressed over 40 dB.
DIRECT LOCKING TO AN OPTICAL ATOMIC FREQUENCY STANDARD
Since the repetition rate remains the only parameter in our system that needs active control, absolute locking of this quantity to an optical frequency standard represents the next attractive task we seek to accomplish. For compact applications in harsh environments, atomic absorption lines provided by gas reference cells are a robust, maintenance-free, and cost-effective choice with good fractional stability. We therefore demonstrate direct locking of the repetition rate to a two-photon transition (TPT) in isotopically pure 85 Rb. The TPT is a known candidate for high-stability frequency measurements [34] , where a dipole-forbidden transition possesses a natural linewidth of only 660 kHz [35] . It may be excited not only by one but with all combinations of different comb lines, provided they are pairwise two-photon resonant. Nonlinear absorption is therefore greatly enhanced when pumping with a femtosecond comb if it is CEO-stable and symmetric with respect to the TPT frequency. Furthermore, a background-free detection of the absorption is achieved via fluorescent decay of the 6 P 3∕2 − 5 S 1∕2 transition at 420 nm. The possibility of spurious detection events is minimized by spectral filtering and near-IR-blind detection. A pulse duration of 110 fs out of the phase-stable erbium-doped fiber amplifier (EDFA 2) with an average power of 630 mW at a repetition rate of 100 MHz allows for efficient second-harmonic generation of the pulse train to a center wavelength of 778 nm. In this process, the brightness of the comb lines is dramatically increased through spectral compression [36] . With lengths of the periodically poled lithium niobate (PPLN) crystals between 1 and 40 mm, a resultant average power of 150 mW is distributed over a spectral bandwidth ranging from 6 nm (corresponding to 5 μW per mode) down to 0.14 nm (power per mode as high as 200 μW). This feature allows for direct locking of the frequency comb to the 5 S 1∕2 − 5 D 5∕2 TPT in 85 Rb [37] . No single-line reference laser is required. We use a 6-nm-broad spectrum centered at a wavelength of 778 nm. This pulse train is dispersed by a grating with 2400 lines/mm. The spectral parts around 776 and 780 nm are then focused from opposite sides into a 85 Rb vapor cell by lenses with focal lengths of f 15 cm (Fig. 6) . Filtering out the central wavelength of 778 nm avoids excitation with two photons propagating in the same direction, thus ensuring Doppler-free operation. Temporal overlap is achieved with a variable delay line (VD). Two-photon absorption is monitored with a photomultiplier tube detecting the fluorescence emission at a wavelength of 420 nm. The 240 ns lifetime of this transition [38] enables feedback at a high bandwidth. The spot size of the overlapped excitation beams is 80 μm, and the average power is 30 mW in each branch. To determine the transfer function of this detection scheme, we modulate the current of the pump diode of the oscillator. The photomultiplier tube (PMT) signal gives access to the feedback bandwidth when the position of the comb tooth is varied with respect to the maximum slope of the TPT. The change in the PMT output due to intensity variation is negligible as compared to the induced frequency variation, since both EDFAs are operated in saturation. The results are summarized in Fig. 7(a) . A 3 dB roll-off at 70 kHz limited by the bandwidth of our pump current modulation is measured. To absolutely stabilize the repetition rate, the detected fluorescence is now used as an error signal for a PID controller. The quality of the PMT output is high enough that no modulation, e.g., in a lock-in scheme, is needed. The set point is adjusted to the steepest slope of the TPT, and the pump current is controlled to lock f rep . A frequency counter monitors the repetition rate at a gate time of 2 ) prior to the focusing element. The center frequency at 778 nm (green) is blocked, and the beam is spectrally separated in a grating-based pulse shaper. The long (red) and short (blue) wavelength parts (see inset for measured spectra) are then overlapped spatiotemporally in a vapor cell filled with 85 Rb. Fluorescence at a wavelength of 420 nm is emitted after excitation of the two-photon transition and collected with a photomultiplier tube (PMT), providing the error signal for the active locking operation. Research Article 300 ms. A typical measurement of the repetition rate acquired over a time interval of 15 min is shown in Fig. 7(b) . The standard deviation is 3.4 mHz, corresponding to a fractional stability of 3.4 × 10 −11 . Note that the short-time fractional stability of the frequency counter we use is 2 × 10 −11 at 1 s, contributing a significant part of the variation in f rep we measure.
CONCLUSION
In summary, we have taken full advantage of several attractive features provided by passive elimination of the carrier-envelope phase slip in a fiber-based frequency comb system via DFG and subsequent re-amplification. To this end, we first analyze the freerunning performance of the system. It is found to be dominated by quantum phenomena related to the low pulse energies circulating in our self-starting all-fiber solitonic oscillator. Since only the repetition rate remains as a free parameter of the synthesized comb, we can actively stabilize the entire system without implementing any additional intracavity elements. Controlling the drive current of the pump diode and correcting for minute phase jitter remaining at high frequencies with an EOM outside the cavity enables stabilization to a subhertz linewidth, corresponding to the maximum resolution of our RF analyzer. Doppler-free locking to a two-photon transition (TPT) of 85 Rb is demonstrated without using an intermediate reference. This compact and robust scheme results in a standard deviation of the 100 MHz repetition rate of 3.4 mHz over 15 min. More long-term operation could be achieved by removing the thermal drift of the present setup.
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